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Abstract
In this study, the transcriptional state and distribution of RNA polymerase II, pre-mRNA splicing machinery elements,
and rRNA transcripts were investigated in the sperm cells of Hyacinthus orientalis L. during in vitro pollen tube
growth. During the second pollen mitosis, no nascent transcripts were observed in the area of the dividing
generative cell, whereas the splicing factors were present and their pools were divided between newly formed
sperm cells. Just after their origin, the sperm cells were shown to synthesize new RNA, although at a markedly lower
level than the vegetative nucleus. The occurrence of RNA synthesis was accompanied by the presence of RNA
polymerase II and a rich pool of splicing machinery elements. Differences in the spatial pattern of pre-mRNA splicing
factors localization reﬂect different levels of RNA synthesis in the vegetative nucleus and sperm nuclei. In the
vegetative nucleus, they were localized homogenously, whereas in the sperm nuclei a mainly speckled pattern of
small nuclear RNA with a trimethylguanosine cap (TMG snRNA) and SC35 protein distribution was observed. As
pollen tube growth proceeded, inhibition of RNA synthesis in the sperm nuclei was observed, which was
accompanied by a gradual elimination of the splicing factors. In addition, analysis of rRNA localization indicated
that the sperm nuclei are likely to synthesize some pool of rRNA at the later steps of pollen tube. It is proposed that
the described changes in the nuclear activity of H. orientalis sperm cells reﬂect their maturation process during
pollen tube growth, and that mature sperm cells do not carry into the zygote the nascent transcripts or the splicing
machinery elements.
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Introduction
The mature pollen grain of angiosperms represents a unique
structure with a key function in sexual plant reproduction:
development and delivery of male gametes (sperm cells) into
the embryo sac during pollination. This function is accom-
plished by the pollen tube, which germinates from the
pollen grain and grows through the pistil tissues until it
reaches the embryo sac. As the tip of the tube reaches the
embryo sac, two sperm cells are released and double
fertilization occurs. One of the sperm cells undergoes fusion
with the egg cell to produce the embryo of a new plant,
while the second cell fuses with the central cell to produce
a nutritive endosperm. Depending on the timing of
Abbreviations: BrdUTP, bromodeoxyuridine triphosphate; DAPI, 4#,6-diamidino-2-phenylindole; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; ETS,
external transcribed spacer; ITS, internal transcribed spacer; PBS, phosphate-buffered saline; snRNA, small nuclear RNA; SSC, saline sodium citrate buffer; TMG,
2,2,7-trimethylguanosine; TRIC, Texas red.
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during pollen development in the anther (tricellular pollen
grains) or during pollen tube growth (bicellular pollen
grains). Thus, in species producing bicellular pollen grain,
the grain must be cultured in order to grow pollen tubes,
trigger mitosis, and obtain sperm cells (Russell, 1991).
The structural features of plant sperm cells have been well
characterized and can be found elsewhere (Hoefert, 1969;
Haskel and Rogers, 1985; Corriveau and Coleman, 1988;
Russel, 1991). In most ﬂowering plants, the sperm cells are
isomorphic, express a similar gene pool, and share an equal
ability to fertilize the egg cell (Berger et al., 2008; Ingouff
et al., 2009). However, little information is available on the
molecular bases of their biology, including both cytoplasmic
and nuclear events. The presence of nascent transcripts was
conﬁrmed in the sperm cell nuclei of rice germinating pollen
grains (Haskell and Rogers, 1985). The group of Zhang
et al. (1993) showed ongoing RNA and protein synthesis in
the sperm cells isolated from the mature pollen grains of
maize during their in vitro culture. However, in both studies,
the types of RNA synthesized by the sperm nuclei were not
determined. Whether RNA synthesis is related to the timing
of sperm cell formation is still a matter of controversy.
From recent transcriptomic studies, it is known that mature
Arabidopsis thaliana pollen grains contain sperm cell-speciﬁc
transcripts, including mRNAs encoding cell cycle progres-
sion proteins, and molecules involved in nuclear metabolism
and protein degradation (Becker et al., 2003; Pina et al.,
2005; Borges et al., 2008; Bayer et al., 2009).
Given all these data, it can be seen that nearly all of the
current knowledge on plant sperm cells is limited to mature
tricellular pollen grains. Information related to the sperm
cells formed during pollen tube growth is very sparse. The
classical experiments described by Mascarenhas (1975)
showed that the early steps of pollen tube growth are
transcriptionally independent. However, the division of
generative cells into sperm cells was abolished after in-
hibition of RNA synthesis by actinomycin D (Mascarenhas,
1975). This suggests that the restarting of RNA synthesis
during pollen tube growth can be essential for the proper
formation of male gametes, at least in species with bicellular
pollen grains. Indeed, the transcriptional activity of vegeta-
tive and generative nuclei was indicated in the growing
pollen tubes of Tradescantia paludosa, Nicotiana tabacum,
Lilium longiﬂorum (Mascarenhas, 1975), and, more recently,
in the growing pollen tubes of Hyacinthus orientalis
(Zienkiewicz et al., 2008a). Apart from the early studies of
Reynolds and Raghavan (1982) who reported that the
sperm cells of Hyoscyamus niger are transcriptionally silent,
there is no information on RNA synthesis in the sperm cells
of species producing bicellular pollen grains.
Sperm cells are shown to undergo a complete cell cycle.
In A. thaliana, the sperm nuclei are in S-phase during
anthesis and pass into G2 phase just before pollination
(Friedman, 1999). In turn, the bicellular pollen grains of
tobacco are released from the anthers with generative cells
containing 2C. After their mitotic division in the pollen
tube, the resulting sperm cells have 1C DNA contents (Tian
et al., 2005). As the sperm cells are deposited in the
degenerated synergid, their DNA content is between 1C
and 2C. Thus, the authors suggest that receptive gametes
are those that pass through the protracted S-phase and
reach the G2 phase (Tian et al., 2005).
The key nuclear steps of protein-encoding gene expres-
sion are transcription and nascent transcript processing.
Pre-mRNA transcript is synthesized by the RNA polymerase
II complex. The largest subunit of the RNA polymerase II
core enzyme contains a unique C-terminal repeat domain
(CTD). The function of this domain is closely associated with
its phosphorylation state (Lee and Young, 2000). To date, it
is known that the CTD exists in two phosphorylation
states—hypophosphorylated (Pol IIA) and hyperphosphory-
lated (Pol IIO). Pol IIA is found in initiation complexes,
whereas Pol IIO is present in elongating polymerase com-
plexes. The phosphorylated CTD was also shown to recruit
pre-mRNA processing factors, including splicing machinery
molecules (Lee and Young, 2000; Reed, 2003; Kornblihtt
et al.,2 0 0 4 ; Bentley, 2005). Newly formed pre-mRNA
undergoes processing, including a splicing reaction during
which the introns are removed and the exons are joined. This
reaction occurs in large ribonucleic complexes, called spliceo-
somes, composed of ﬁve classes of small ribonucleoproteins
(RNPs) (U1, U2, U4/U6, and U5 snRNPs) as well as
numerous non-RNA splicing factors. Each splicing snRNP
molecule contains a proper snRNA chain with a trimethyl-
guanosine (TMG) cap on the 5’ end and an Sm protein core
(Will and Lu ¨hrmann, 2001; Yong et al.,2 0 0 4 ). Among non-
RNP splicing factors, a large group belonging to the SR
(serine–arginine rich) protein family was identiﬁed. The SR
proteins function in the formation of a catalytically active
spliceosome by multiple protein–protein and protein–RNA
interactions (Graveley, 2000). One of the members of this
family is the SC35 protein, which is capable of reactivating
the splicing reaction by binding to speciﬁc pre-mRNA
sequences (Will and Lu ¨hrmann, 1997).
Transcription of rDNA genes by RNA polymerase I results
in the formation of the rRNA primary transcript (pre-rRNA).
Each pre-rRNA molecule contains three of the four rRNAs
found in the ribosomes: the 18S small subunit (SSU), the 26S
large subunit (LSU), and the 5.8S rRNAs. The pre-rRNA
molecule is ﬂanked at both ends by external transcribed
spacers (ETSs) and the rRNAs present in the primary tran-
script are separated by sequences termed internal transcribed
s p a c e r s( I T S s ) .T h em a t u r er R N A sa r er e l e a s e df r o mt h e
primary transcript by several cleavage reactions catalysed by a
class of small RNAs—snoRNAs and by additional nucleolar
proteins (Brown and Shaw, 1998).
Here, the in situ organization of the key nuclear steps of
gene expression in sperm cells of H. orientalis was analysed,
with special emphasis on transcription and nascent tran-
script processing. Previously, it had been shown that despite
the fact that the mature pollen grains of H. orienalis
contains a high amount of long-lived mRNA (Zienkiewicz
et al., 2006), the restarting of RNA synthesis occurs during
the early steps of pollen tube growth and is accompanied by
the presence of pre-mRNA splicing factors in both of the
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in RNA synthesis were accompanied by a signiﬁcant re-
distribution of splicing machinery elements in the vegetative
and the generative nuclei of growing pollen tube.
In this study, the nuclear metabolism of hyacinth sperm
cells was analysed during 36 h of in vitro pollen tube
growth. This period of cultivation closely mimics the time
needed for in vivo pistil penetration by the pollen tube and
fertilization in H. orientalis. The present results are the ﬁrst
to illustrate the spatial and temporal pattern of RNA
synthesis and the organization of the molecules involved in
key steps of gene expression in the sperm cells formed
during pollen tube growth.
Materials and methods
Plant material
Hyacinthus orientalis L. (a commercial cultivar grown at room
temperature at the Institute of General and Molecular Biology,
Nicolaus Copernicus University, Torun ´, Poland) pollen tubes
growing in vitro were used in the investigation.
Preparation of material
Freshly collected mature pollen grains of H. orientalis were used for
germination. Before placing the pollen grains, the Brewbaker and
Kwak (1963) medium with 10% (w/v) polyethylene glycol 4000 was
modiﬁed by adding pistils from the pollinated ﬂowers. Pistils were
collected 8 h after pollination. Five symmetrically cut pistils (10
parts) were added to each 5 ml of the medium and gently squeezed.
The pollen grains were placed on the surface of this medium and
lightly homogenized using a pipette. Cultivation was carried out at
25  C in the dark. For immunolocalization of Pol IIO, Pol IIA,
TMG snRNA, and SC35 protein, the pollen tubes were collected
after 8, 12, 24, and 36 h of growth. The medium (with the pistils)
was replaced every 8 h during pollen tube cultivation. Just before
ﬁxation and after manual removal of the pistils, the pollen tubes,
and the germination medium were transferred into tubes (50 ml)
and gently centrifuged to remove excess medium. The pollen tubes
were ﬁxed in a mixture of 4% (w/v) paraformaldehyde and 0.5% (v/v)
glutaraldehyde prepared in phosphate-buffered saline (PBS),
pH 7.2, overnight at 4  C. The material was then enzymatically
digested as previously described (Zienkiewicz et al., 2006). All the
steps of the digestion procedure were carried out in tubes (50 ml)
with gentle centrifugation between each step. These semi-protoplasts
of pollen tubes were stored at 4  C.
For total protein and RNA isolation, the mature, hydrated (1 h
of hydration in a humid chamber at 30  C), and germinating (1, 3,
6, 12, 24, and 36 h) pollen grains were collected. Germination was
performed as described above. The samples were frozen in liquid
nitrogen and stored at  80  C. In experiments with cycloheximide,
after 3 h (sample 6hCX) or 9 h (sample 12hCX) of pollen tube
growth, cycloheximide (Sigma-Aldrich, St. Louis, USA) was added
to the medium to a ﬁnal concentration of 400 lgm l
 1. Cultivation
on the medium with cycloheximide was continued for 3 h and the
pollen tubes were collected and stored as described above.
Transcription analysis
For in vitro transcription investigations, the pollen grains were
germinated in the same way as described above, but after 8, 12, 24,
32, and 36 h of growth the pollen tubes were transferred from the
standard medium containing fragmented pistils to a medium
containing 0.01% (v/v) Triton X-100 for 10 min (with fragmented
pistils), and then to a medium containing 20 mM 5-bromouracil
for 45 min. As a control, the pollen tubes were ﬁrst transferred
onto a medium containing actinomycin D (25 g ml
 1) for 1 h, and
then to a medium containing both actinomycin D (25 g ml
 1)
and 20 mM 5-bromouracil for 45 min after 8, 12, 24, 32, and 36 h
of growth. The material was then washed three times with fresh
medium for 5 min each and then ﬁxed. Pollen tube ﬁxation and
enzymatic digestion were carried out as previously described. The
prepared material was stored at 4  C.
Immunolocalization experiments
All immunocytochemical reactions with the material obtained
in vitro were carried out in 1.5 ml Eppendorf tubes. The samples
were gently centrifuged between each step of the procedure and
placed on microscope slides covered with Biobond (British Biocell
International, Cardiff, UK). TMG snRNA and SC35 protein were
detected by incubating with the primary antibodies mouse anti-
TMG (Calbiochem, Bad Soden, Germany) and mouse anti-SC35
(Sigma-Aldrich), respectively, as previously described (Zienkiewicz
et al., 2006). Pol IIA and Pol IIO were localized using H14 and H5
IgM monoclonal mouse antibodies (Sigma-Aldrich), respectively.
Anti-mouse IgM antibodies labelled with TRIC (Sigma-Aldrich)
were used as secondary antibodies.
Incorporated 5-bromouracil was detected by incubating the
samples with the primary monoclonal antibody anti-BrdUTP
(F. Hoffmann-LaRoche Ltd, Rotkrenz, Switzerland) diluted 1:100
in 1% (w/v) bovine serum albumin (BSA) prepared in PBS, pH 7.2,
overnight at 4  C, and with the secondary goat anti-mouse antibody
Alexa Fluor 488 diluted 1:500 in 1% (w/v) BSA in PBS for 1 h at
37  C.
Control reactions were performed without the primary anti-
bodies. DNA was stained with 4#,6-diamidino-2-phenylindole (DAPI;
Fluka).
In situ hybridization
Pre-rRNA was detected using a DNA oligonucleotide probe com-
plementary to the ITS1 of pre-rRNA (5#-Cy3-ACG GGT TCG
GGA TCG TCC GTT CGG G-3#)( www.oligo.pl,I n s t i t u t eo f
Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw,
Poland). 26S rRNA was detected using the DNA oligonucleotide
probe complementary to the 26S rRNA sequence fragment (5#-Cy3-
CAC GGA ATA AGT AAA ATA ACG TTA AAA GTA G-3#).
U2 snRNA (see the Supplementary data available at JXB online)
was detected using the oligonucleotide probe TOR50, which is
complementary to the ﬁrst 20 nucleotides of U2 snRNA (De-
partment of Bioorganic Chemistry, Centre of Molecular and
Macromolecular Studies, Polish Academy of Sciences). All these
probes were chemically labelled with Cy3 ﬂuorochrome at the 5#
end (IBB PAN, Warsaw, Poland). For hybridization, the probes
were resuspended in the hybridization buffer [30% (v/v) formamide,
43 SSC, 53 Denhardt’s buffer, 1 mM EDTA, 50 mM phosphate
buffer, and water (H2O)] from 100 pmol ml
 1 to 200 pmol ml
 1.
Hybridization was performed overnight at 37  C. In the control
reactions, pollen tubes were incubated with the hybridization buffer,
with omission of the probes. The positive control to ITS1
hybridization was performed as described above on the somatic
tissue of the young H. orientalis anther.
Microscopy
The samples were analysed with a Nikon Eclipse TE 300 confocal
laser scanning inverted microscope. The results were recorded
using an argon-ion laser emitting light with a wavelength of
488 nm (blue excitation and green ﬂuorescence) and a helium–
neon laser emitting light with a wavelength of 543 nm (green
excitation and red ﬂuorescence). A mid pinhole, long exposure
time (75 s), and 603 (numerical aperture: 1.4) Plan Apochromat
DIC H oil immersion lens was used. Pairs of images were collected
simultaneously in the green (Alexa 488 ﬂuorescence) and red
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were acquired at 1 lm step intervals. The ﬁnal images represent
projection of an image stack. For image processing and analysis,
the EZ 2000 Viewer software package (Nikon Europe BV,
Badhoevedorp, The Netherlands) was used. For DAPI staining,
an inverted Nikon Eclipse TE 80i ﬂuorescence microscope,
equipped with a mercury lamp, a UV-2EC UV narrow band ﬁlter,
and a DXM 1200 FX digital camera, was used.
Total RNA analysis
Frozen samples (100 mg) were ground in liquid nitrogen using
a mortar and pestle. Total RNA was isolated from the frozen
powder using an RNeasy Plant Mini Kit (Qiagen, Syngen Biotech,
Wroc1aw, Poland) according to the manufacturer’s instructions.
The total RNA was treated with DNase I (RNase-free) (Fermentas,
Burlington, Canada). RNA samples of 1 lg were loaded on a 1.2%
agarose gel and stained with ethidium bromide (Sigma-Aldrich).
The gels were visualized using the DNR Bio-Imaging System (DNR
Bio-Imaging Systems Ltd, Jerusalem, Israel).
Total protein extraction, SDS–PAGE, and content measurement
In each case, the proteins were isolated from 500 mg of mature
(MP), hydrated (HP), and germinating pollen grains (1, 3, 6, 12,
24, and 36 h) and from pollen tubes treated with cycloheximide
(6hCX and 12hCX). The frozen material was ground into a ﬁne
powder in liquid nitrogen. For total protein isolation, the ground
material was resuspended in extraction buffer [100 mM TRIS-HCl
buffer (pH 7.5), 1 mM EDTA, 1 mM dithiothreitol, 1 mM
phenylmethylsulphonyl ﬂuoride (protease inhibitor cocktail);
Sigma-Aldrich] by gentle shaking and clariﬁed by centrifugation
at 16 000 g for 30 min at 4  C.
SDS–PAGE was performed according to Laemmli (1970).
A5ll aliquot of protein extract per sample was loaded on 12%
(w/v) polyacrylamide gels with 4% stacking gels using a Mini-
Protean III apparatus (Bio-Rad). After electrophoresis, the gels
were stained with Coomassie Brilliant Blue R250 according to the
standard procedure.
The protein concentration was estimated in 1 ll of each sample
by using the 2D Quant kit (Amersham Biosciences, USA)
according to the manufacturer’s instructions.
Results
Transcriptional activity of pollen tube nuclei
The presence of 5-bromouracil in the growing pollen tubes of
H. orientalis was analysed after 8, 12, 24, 32, and 36 h of
in vitro cultivation (Fig. 1). The results obtained revealed the
presence of nascent transcripts as well as changes in their
levels and distribution pattern during the course of pollen
tube growth. After 8 h of cultivation, pollen tubes containing
generative cells, dividing generative cells (Fig. 1A), or sperm
cells (Fig. 1B) were observed. During generative cell division,
the incorporated 5-bromouracil was observed mainly in the
pollen tube cytoplasm (Fig. 1A), whereas in the area of the
dividing generative cell no labelling was observed. After
sperm cell formation (Fig. 1B), many pollen tubes showed
a physical relationship between the sperm cells and the
vegetative nucleus [termed a male germ unit (MGU)]. In
such an organized structure, the most intense ﬂuorescence
was observed in the vegetative nucleus. In both of the sperm
nuclei, the extent of labelling was signiﬁcantly low and
observed in the form of small ﬂuorescent spots (Fig. 1B).
After 12 h (Fig. 1C)a n d2 4 h( Fig. 1D)o fp o l l e nt u b e
growth, the incorporated 5-bromouracil was detected in the
vegetative nucleus and in both of the sperm nuclei at similar
levels. A less intense signal was observed in the pollen tube
cytoplasm. Between 24 h and 36 h of pollen tube growth,
signiﬁcant changes in the levels and localization of the
incorporated 5-bromouracil were seen in comparison with
the previous steps of pollen tube growth. The highest signal
indicating nascent transcripts was observed in the vegetative
nucleus and pollen tube cytoplasm (Figs. 1E, F). In both of
the sperm cells, a gradual decrease occurred in the labelling.
In these nuclei, the nascent transcripts were localized in the
form of a few, irregular ﬂuorescent spots (Fig. 1E). After
36 h of pollen tube growth, no signal was detected in sperm
cells (Fig. 1F). A control reaction performed on pollen tubes
treated with actinomycin D showed no labelling (Fig. 1G).
As a positive control, the incorporation of 5-bromouracil in
the anther wall of parenchyma cells of young H. orientalis
was analysed (Fig. 1H). The labelling was found in all the
observed nuclei and cytoplasm. No signal was detected in the
vacuoles. These results indicated that the sperm cells activate
RNA synthesis soon after their formation. Ongoing tran-
scription was observed until the ﬁnal steps of pollen tube
growth when inhibition of RNA synthesis occurred in both
of the sperm cells. The vegetative nucleus is transcriptionally
active during the whole culture period.
Levels of rRNA and its localization during hyacinth
pollen tube growth
To analyse whether rRNA is present in the pool of the newly
synthesized transcripts during pollen tube growth, the RNA
proﬁle of the growing pollen tube was investigated (Fig. 2)
and a series of ﬂuorescence in situ hybridization (FISH)
experiments were performed (Fig. 3). Well-distinguishable
pools of 26S and 18S rRNA (Fig. 2A) were observed in the
proﬁle of the total RNA of the growing pollen tube.
The level of both of the rRNA classes stored in the mature
pollen grain did not change signiﬁcantly during its hydration
(Fig. 2B). As the pollen grains started to germinate, a slight
increase in 26S and 18S rRNA levels was observed during
the ﬁrst 3 h of pollen tube growth. Further steps of pollen
tube growth were accompanied by a gradual decrease in the
rRNA pool, with a minimum level observed at the last
analysed stage of pollen tube elongation (Fig. 2B).
In situ localization of 26S rRNA at the beginning of
pollen grain germination showed its presence exclusively in
the cytoplasm of the pollen grain and the emerging pollen
tube (Fig. 3A). As germination proceeded, the signal
corresponding to 26S rRNA was abundantly localized in
the cytoplasm of the proximal area of the pollen tube as
well as the pollen grain (Fig. 3B). The hybridization signal
was observed in the vegetative nucleus where the accumula-
tion of labelling was observed in the form of a round-
shaped ﬂuorescent cluster (Fig 3B3–B6; arrowhead). A less
intense signal was also uniformly localized throughout the
vegetative nucleoplasm (Fig. 3B). In the generative nucleus,
no labelling was detected. After sperm cell formation
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was observed in comparison with the pre-mitotic steps of
pollen tube growth. A nuclear hybridization signal corre-
sponding to 26S rRNA was detected in the vegetative
nucleus and both of the sperm nuclei (Fig. 3C). The
labelling in the sperm nuclei was observed in the form of
numerous irregular ﬂuorescent clusters, probably localized
between the DNA clumps (Fig. 3C4–C6; circles).
Detection of immature rRNA transcripts (Fig. 3D)
revealed their presence in both of the sperm nuclei at the
12th hour of pollen tube growth. A hybridization signal was
observed as numerous small ﬂuorescent spots spread
throughout the sperm nucleoplasm. Fluorescent labelling
was seen in the pollen tube cytoplasm (Fig. 3D). The last
analysed steps of pollen tube growth (between 24 h and
36 h) were accompanied by a complete lack of signal in the
sperm nuclei (not shown). The positive control, performed
on the somatic tissue of the young hyacinth anther, showed
strong accumulation of ITS rRNA in the nucleoli of the
parenchyma cells (Fig. 3E). The data indicate that both of
the sperm cells contained pre-mature and mature rRNAs
during their life cycle. During further steps of pollen tube
growth, the pool of rRNA in the sperm cells gradually
decreases until there is a complete lack at the ﬁnal steps of
culture.
Protein content in the growing pollen tube of hyacinth
Protein content was measured at different stages of
H. orientalis pollen tube growth (Fig. 4). Mature and
hydrated pollen grains were shown to contain the highest
levels of proteins. Early steps of pollen tube growth were
accompanied by a gradual and strong decrease in the total
protein pool. A signiﬁcant increase in the protein content
occurred between the third and sixth hour of pollen grain
germination. During the further steps of pollen tube elon-
gation, a continuous reduction in the total protein pool was
seen, with the lowest levels observed at the last analysed
step of culture.
To investigate the intensity of protein synthesis before
and after sperm cell formation, H. orientalis pollen tubes
were treated with cycloheximide. A translation inhibitor
was added to the medium at the third and ninth hour of
pollen tube growth and the incubation was continued for
3 h. The treatment caused a signiﬁcant depletion in the
protein content, in comparison wiith the pollen tubes
growing on control medium (Fig. 4B; grey bars). The
reduction in the total protein pool was >30% and ;15% in
the pollen tubes growing for 3 h and 9 h, respectively,
before cycloheximide treatment. At the morphological level,
cycloheximide treatment caused strong inhibition of pollen
tube growth, arrest of sperm cell formation, and defects in
the pollen tube structure (Supplementary Fig. S1 at JXB
online). These results indicate intense protein synthesis at
the time of sperm cell formation. After the second pollen
mitosis, the rates of ongoing translation were low and were
followed by a continuous decrease in the total protein
content during the further steps of pollen tube growth.
Distribution of the initiating and elongating RNA
polymerase II forms
Before the mitotic division of the generative cell, the
hypophosphorylated form of RNA polymerase II (Pol IIA)
was localized in both of the nuclei present in the pollen tube
(Fig. 5A). In the vegetative nucleus, a strong labelling was
uniformly distributed throughout the area of the nucleo-
plasm, whereas in the generative nucleus less intense
ﬂuorescence was localized in the form of a few, irregular
spots (Fig. 5A). After sperm cell formation, the initiating
form of Pol II was present in the vegetative nucleus as well
as in the sperm nuclei (Fig. 5B,a n dSupplementary Fig. S5 at
JXB online). The distribution pattern of labelling was similar
in all the observed nuclei because irregular spots of ﬂuores-
cence were spread throughout their area. The later steps of
pollen tube growth were accompanied by a lack of Pol IIA
in both of the sperm nuclei (Fig. 5C). In the vegetative
nucleus, relatively strong labelling was still observed. No
signal was observed in the pollen tubes after the control
reaction (Fig. 5D).
Before sperm cell formation, the hyperphosphorylated
form Pol IIO was detected in the vegetative and generative
nuclei (Fig. 5E). Both of the nuclei strongly differed in Pol
IIO localization pattern. In the vegetative nucleus, an
intense and uniformly distributed ﬂuorescence was ob-
served, whereas in the generative nucleus only irregular
spots of labelling were present (Fig. 5E). After generative
cell division (Fig. 5F), the elongating form of Pol II was
localized in the vegetative nucleus as well as in both of the
sperm cells. In the vegetative nucleus, a very intense
labelling was uniformly distributed throughout the area of
the nucleoplasm. In the sperm nuclei, only single spots of
ﬂuorescence were observed (Fig. 5F). After 36 h of pollen
tube growth, Pol IIO was detected only in the vegetative
nucleus, whereas both of the sperm cells were devoid of any
labelling (Fig. 5G). The signal present in the vegetative
nucleus was signiﬁcantly weaker than at the previous step of
pollen tube growth and was visible in the form of numerous
irregular spots spread throughout the nucleoplasm. No
labelling was observed in the control performed by omitting
the primary H14 antibody (Fig. 5H). These data indicate
that the pre-mRNA transcriptional machinery is present in
both of the sperm cells, however at a lower level than in the
vegetative nucleus. The ﬁnal steps of pollen tube growth
were accompanied by the elimination of the initiating and
elongating forms of Pol II from both sperm cells.
Localization of the pre-mRNA splicing machinery
elements
In order to assess whether molecules involved in pre-mRNA
processing are present in the sperm cells formed during
H. orientalis pollen tube growth, immunolocalization of the
TMG cap-containing snRNAs and of the SC35 splicing
factor was performed. Both the antigens were present in the
H. orientalis sperm nuclei, although their levels and
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containing the dividing generative cell. A strong signal is present in the vegetative nucleus and in the pollen tube cytoplasm. The area of
the dividing generative nucleus is completely devoid of ﬂuorescence. (B1–B3) A pollen tube soon after sperm cell formation. The
vegetative nucleus exhibits a signiﬁcantly stronger signal in comparison with the sperm cells. In the sperm nuclei, a few spots of the
signal are present. (C1–C3) After 12 h of pollen tube growth, the sperm nuclei exhibit a signal intensity comparable with that observed in
the vegetative nucleus. (D1–D3) In both sperm nuclei of the pollen tube growing for 24 h, the signal corresponding to nascent transcripts
is localized in the form of numerous irregular ﬂuorescent clusters. (E1–E3) A pollen tube growing for 32 h. Strong homogenous
ﬂuorescence is visible in the vegetative nucleus as well as in the pollen tube cytoplasm. In the area of the sperm nuclei, only a few spots
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ined steps of pollen tube growth (Fig 6).
After 8 h of H. orientalis pollen tube growth, TMG
snRNAs were present in both vegetative and generative
nuclei. In the vegetative nucleus, a strong homogenous
signal was present, whereas in the generative nucleoplasm
the ﬂuorescence was visible in the form of numerous spots
(Supplementary Fig. S2 at JXB online). During generative
cell division, an accumulation of ﬂuorescence was observed,
indicating that the TMG snRNAs were localized in the area
between the two groups of daughter chromosomes
(Fig. 6A). After completion of division, the TMG snRNAs
were localized in the vegetative nucleus as well as in both
the newly formed sperm nuclei (Fig. 6B, and Supplementary
Figs S4, S6 at JXB online). However, the labelling present
in the sperm nuclei was lower than in the vegetative nucleus
and visible as numerous small spots of bright ﬂuorescence
(Fig. 6B). In the vegetative nucleus, the TMG snRNAs were
uniformly distributed throughout the area of the nucleo-
plasm. Between 24 h and 36 h of culture, a strong decrease
in the TMG snRNA pool was observed in all the pollen
tube nuclei (Fig. 6C). Both sperm nuclei exhibited complete
lack of labelling, whereas in the vegetative nucleus only
a few spots of weak ﬂuorescence were present. The control
reaction performed by omitting the anti-TMG antbody
showed no labelling in the pollen tube growing for 12 h
(Fig. 6D).
Before the second pollen mitosis, ﬂuorescence indicating
the presence of SC35 protein was observed in both pollen
grain nuclei (Supplementary Fig. S3 at JXB online). In the
vegetative nucleus, a strong and homogeneous labelling was
observed, whereas in the generative nucleus the SC35
protein was localized in the form of numerous spots.
During generative cell division (Fig. 6E), the labelling was
observed mainly between the condensed chromosomes as
well as in the area between the two forming daughter nuclei.
In the pollen tube growing for 12 h, a strong difference in
the SC35 protein distribution pattern was seen between the
vegetative nucleus and the sperm nuclei (Fig. 6F). In the
vegetative nucleus, an intense and uniform ﬂuorescence
covered the whole area of the nucleoplasm, whereas in the
sperm nuclei the labelling was observed as numerous
irregular ﬂuorescent spots (Fig. 6F,a n dSupplementary
Fig. S7 at JXB online). After 36 h of culture, the SC35
protein pool was not detected in the vegetative nucleus or in
either of the sperm nuclei (Fig. 6G). No labelling could be
observed in the nuclei of the pollen tube grown for 12 h
after the control reaction performed with omission of anti-
SC35 antibody (Fig. 6H). These results indicate that pre-
mRNA splicing machinery elements are present in the
sperm cells. At least some part of their pool is delivered
into the sperm cells by the generative cell during its mitosis.
The later steps of a sperm cell’s life cycle are accompanied
by the elimination of pre-mRNA splicing machinery
elements from both of the sperm nuclei.
Discussion
Plant male gametes were initially thought to be metaboli-
cally silent and fully dependent on the vegetative cell and/or
the pollen tube (Mascarenhas, 1975; McCormick, 1993).
However, the successful exploration of a single cell tran-
scriptome in recent years uncovered the fact that sperm cells
contain their own pool of genes, transcripts, and promoters
(Borges et al., 2008; Singh et al., 2008; Bayer et al., 2009;
Wei et al., 2010). Most of the data concerning sperm cell-
speciﬁc genes, their expression, and possible functions come
of weak signal are present. (F1–F3) No labelling can be observed in the sperm nuclei after 36 h of pollen tube growth. Weak ﬂuorescence
is present in the pollen tube cytoplasm. (G1 and G2) Control reaction performed on pollen tubes treated with actinomycin D. (H1 and H2)
Positive control showing the presence of nascent transcripts in the cells of the young anther wall. An intense signal is present in the
nuclei and cytoplasm of the parenchyma cells, whereas the vacuoles are devoid of green ﬂuorescence; values presented in the upper
right corner of the ﬁgures indicate the percentage of pollen tubes exhibiting the labelling pattern shown on the image. Z-series images
corresponding to the whole volume of growing pollen tubes from three independent experiments (n¼50) were captured and used for
statistical analysis. VN, vegetative nucleus; GN, generative nucleus; SN, sperm nucleus; N, nucleus; V, vacuole; bars¼10 lm.
Fig. 2. Proﬁle of total RNA in the growing pollen tubes of hyacinth.
(A) Ethidium bromide-stained gel of total RNA isolated from pollen
at maturity (MP), after hydration (H), and after 1, 3, 6, 12, 24, and
36 h of in vitro germination. Well-distinguishable bands corre-
sponding to 26S rRNA and 18S rRNA as well as to tRNA are
indicated with arrows. (B) Densitometric data corresponding to the
26S rRNA (black bars), 18S rRNA (grey bars), and tRNA (white
bars) from A. The values represent the average of thee replicate
experiments; the error bars indicate 1 SEM.
Activity of hyacinth sperm nuclei | 1261Fig. 3. Localization of rRNA (red colour) in hyacinth pollen tubes by FISH. (A1–A3) In the young pollen tube, the signal corresponding to
26S rRNA is observed only in the cytoplasm. Accumulation of ﬂuorescence occurs inside the pollen grain and at the tip of the small
pollen tube (arrow). Pollen nuclei do not show any labelling. (B1 and B2) After 3 h of pollen tube growth, the strongest signal is present in
the pollen tube cytoplasm. At this time, the ﬂuorescence corresponding to 26S rRNA appears in the vegetative nucleus, whereas the
generative nucleus does not show any ﬂuorescence. (B3–B6) On the consecutive optical sections of both pollen tube nuclei (area
marked with the dashed line on B1 and B2), accumulation of the signal in the vegetative nucleus is observed in a round-shaped
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pollen grains at anthesis. To date, there is almost no
information about the organization of gene expression in
the sperm nuclei formed during the germination of bicellu-
lar pollen grains. Recently, Tian et al. (2005) analysed the
nuclear behaviour of tobacco sperm cells formed during
pollen tube growth, however only in the context of the cell
cycle. The data presented here constitute, to the best of our
knowledge, the ﬁrst report regarding the spatial and
temporal organization of RNA synthesis and the RNA
processing machinery throughout late microgametogenesis
in a species producing bicellular pollen grains.
Highly condensed chromatin and a small amount of
cytoplasm in the sperm cells suggest their very low or zero
transcriptional activity (McCormick, 1993). Investigations
of RNA synthesis in the sperm cells reported to date gave
ambiguous results. In the germinating tricellular pollen
grains of Secale cereale, 5-H
3-labelled uridine was incorpo-
rated into the vegetative nucleus and both of the sperm
nuclei (Haskell and Rogers, 1985). In turn, a complete lack
of ongoing RNA synthesis was observed in the sperm nuclei
of H. niger, which produces bicellular pollen grains at
anthesis (Reynolds and Raghavan, 1982). The data pre-
sented here clearly indicate that activation of RNA
synthesis occurs in newly formed sperm cells of hyacinth,
although the levels of 5-bromouracil incorporated into the
sperm cells were much lower than those in the vegetative
nucleus. Similar to the generative cell (Blomstedt et al.,
1996), the occurrence of RNA synthesis in H. orientalis
sperm cells may indicate their at least partial metabolic
autonomy from the pollen tube. On the other hand, recent
ﬁndings of Slotkin et al. (2009) strongly suggest that the
vegetative nucleus plays a signiﬁcant role in the regulation
of gene expression in sperm cells. The authors showed that
in the A. thaliana mature pollen, retrotransposons [trans-
posable elements (TEs)] are activated only in the vegetative
nucleus and produce small interfering RNAs (siRNAs),
which in turn are transported via pollen cytoplasm to the
sperm cells. There, siRNAs mediate silencing of TEs in the
sperm cells, avoiding TE activation in germ cells and thus
preventing aberrant transposition events that may induce
genomic rearrangements which could be transmitted to the
next generation (Slotkin et al., 2009).
In the transcriptome of A. thaliana sperm cells, several
transcription factors were found, among which the MYB
family members were highly expressed (Borges et al.,
2008). These molecules play regulatory roles in the key
developmental processes in plants such as cell cycle, pro-
liferation, or biotic stress (Martin and Paz-Ares, 1997).
Moreover, some of the sperm-speciﬁc promoters identiﬁed
Fig. 4. Analysis of protein contents during H. orientalis pollen tube
growth. (A) Coomassie blue-stained gel of total proteins from
pollen grains at maturity (MP), after hydration (H), and after 1, 3, 6,
12, 24, and 36 h of in vitro germination. Lanes marked as 6hCHX
and 12hCHX indicate pollen tubes treated for 3 h with cyclohex-
imide added to the medium at the third and ninth hour of growth,
respectively. Lanes 6hC and 12hC indicate control pollen tubes
growing for 6 h and 12 h, respectively. (B) Protein concentration
(lg) in 1 ll of extracts isolated from the mature, hydrated, and
germinating pollen grains of hyacinth. The temporal variants of
pollen tube growth are the same as shown in A. Grey blocks of the
graph correspond to the pollen tubes treated with cycloheximide.
The values represent the average of three replicate experiments;
the error bars indicate 1 SEM.
ﬂuorescent cluster (arrowhead). (C1–C3) After sperm cell formation, 26S rRNA appears to be located in both sperm nuclei and the
vegetative nucleus. The arrowhead indicates the fragment of the other pollen tube. (C4–C6) Magniﬁcation of the pollen tube zone
containing sperm cells (area marked with the dashed line on C1). In both sperm nuclei, the signal is present in the form of irregular
ﬂuorescent clusters, which appear to occupy nuclear areas devoid of DNA (C6; circles). (D1–D4) The ﬂuorescence corresponding to
immature rRNAs is observed only in the sperm nuclei where it is visible as numerous spots of different sizes and shapes (D4). (E1-E3)
A positive control performed on the somatic tissues of hyacinth anther revealed accumulation of ITS containing rRNAs exclusively in the
nucleoli of the parenchyma cell nuclei (arrowheads); values presented in the upper right corner of the ﬁgures indicate the percentage of
pollen tubes exhibiting the labelling pattern showed on the image. Z-series images corresponding to the whole volume of growing pollen
tubes from three independent experiments (n¼50) were captured and used for statistical analysis. VN, vegetative nucleus; GN,
generative nucleus; SN, sperm nucleus; N, nucleus; bars¼10 lm.
Activity of hyacinth sperm nuclei | 1263Fig. 5. Localization of hypo- (Pol IIA) and hyperphosphorylated (Pol IIO) forms of RNA polymerase II (red colour) in hyacinth pollen tubes.
(A1–A3) In the pollen tube growing for 8 h, the labelling indicating Pol IIA is present exclusively in the area of the vegetative and
generative nuclei. In the latter nucleus, only some irregular ﬂuorescence clusters are present. In the vegetative nucleus, the labelling is
much more intense and uniformly distributed throughout the nucleoplasm. (B1–B3) After generative cell division, both the sperm nuclei
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cription factors (Borges et al., 2008). The presence of trans-
cription regulators in the sperm cells of the mature pollen
grains strongly suggests that they activate RNA synthesis at
further steps of pollen tube growth. Thus, the present results
provide strong evidence for the activation of transcriptional
activity in sperm cells during pollen tube growth, as pre-
viously suggested by others (Zhang et al.,1 9 9 3 ).
The ongoing RNA synthesis in the H. orientalis sperm
nuclei observed soon after their formation strongly suggests
that the sperm cells progress at least through the G1 phase
of the cell cycle. In turn, the transcriptional silence observed
at further steps of pollen tube growth might reﬂect the
arrest of the nuclei in the S-phase or the end of the sperm
cell cycle, when they reach G2 phase. Such temporal changes
in the transcriptional activity seem to resemble the nuclear
activity observed during the interphase of somatic cell
growth (Bryant and Francis, 1985). In most of bi- and
tricellular pollen grains examined so far, the sperm cells do
not progress to the S-phase and fuse with the target cells of
the embryo sac in the G1 phase (Bino et al.,1 9 9 0 ; Mogensen
and Holm, 1995; Williams and Friedman, 2002, 2004).
However, the sperm cells of A. thaliana (Friedman, 1999)
and tobacco (Tian et al.,2 0 0 5 ) were shown to accomplish
a complete cell cycle during pollen tube elongation. There-
fore, it seems that cell cycle coordination in the sperm cells
may be a species-speciﬁc feature. More detailed studies on
the DNA content are needed to address this hypothesis in
H. orientalis.
Although transcriptomic studies enable the exploration of
the mRNA pool in a single cell, little attention has been
paid to other RNA types. Analysis of the total RNA proﬁle
of the growing H. orientalis pollen tube showed that the
rRNA pool seemed to be temporally correlated with
the total protein content after sperm cell formation. It can
be assumed that rRNA expression levels in the growing
pollen tube reﬂect its requirement for ribosomal units
catalysing translation. Using the FISH technique, it was
shown that in the growing H. orientalis pollen tube, rRNA
appears not only in the vegetative nucleus and pollen tube
cytoplasm but also in both sperm nuclei. Immature (ITS
rRNA) and mature rRNAs (26S rRNA) appeared in the
sperm nuclei soon after the completion of generative cell
division and were observed until the ﬁnal steps of micro-
gametogenesis. These ﬁndings strongly support the exis-
tence of rRNA synthesis in the plant sperm cells.
Interestingly, no accumulation of rRNA transcripts in the
nucleoli-like structure was observed in the H. orientalis
sperm nuclei. Unlike a typical interphase nucleus, the sperm
nuclei exhibited high levels of chromatin condensation and
a small interchromatin area (Hoefert, 1969). By analogy to
animal sperm cells (Czaker, 1984; Nadel et al., 1995), it is
proposed that rRNA gene clusters could be separated in the
H. orientalis sperm nucleus, and they are, therefore, not
organized into a nucleolus or nucleolus-like structures.
These ﬁndings also showed that rRNA synthesis in the
sperm nuclei might occur at very low levels, compared with
that observed in the vegetative nucleus. This suggests that
the sperm cells may require fewer ribosomal subunits than
the pollen tube. Inhibition of protein synthesis with
cycloheximide in the elongating pollen tube of H. orientalis
showed that protein synthesis rates are much higher during
the early steps of pollen grain germination. After sperm cell
formation, mRNA translation also occurred, although at
a lower level. It cannot be excluded that some pool of the
new proteins is synthesized in the sperm cells. This
assumption is in agreement with previous ﬁndings showing
that the translation of some sperm transcripts occurs in the
sperm cells of tricellular pollen grains (Singh et al., 2008;
Russel et al., 2010).
The presence of pre-mRNA splicing machinery elements
and both the forms of RNA Pol II temporally overlaps with
the detectable RNA transcription in the H. orientalis sperm
nuclei. The expected decrease in the total RNA synthesis
rates at the later steps of pollen tube growth was accompa-
nied by a gradual elimination of molecules involved in the
transcription and processing of pre-mRNA. This strongly
suggests that some part of the synthesized RNA is of the
mRNA type. Moreover, the spatial distribution of RNA
Pol II and splicing factors in the sperm nuclei differs
signiﬁcantly from that observed in the vegetative nucleus.
Both forms of RNA Pol II and the splicing machinery
elements were localized mainly in the form of irregular
clusters spread throughout the sperm nucleoplasm. As has
been shown previously, such a distribution pattern was
characteristic for both pollen grain nuclei of H. orientalis at
the time of low transcriptional activity and high chromatin
condensation (Zienkiewicz et al., 2006, 2008a, b, c). The
exhibit the presence of irregular ﬂuorescent spots corresponding to Pol IIA. The magniﬁcation of the area marked with the dashed line in
B1 is shown in Supplementary Fig. S5 at JXB online. (C1-C3) In the pollen tube growing for 36 h, both sperm cells show no labelling.
A strong signal is present in the vegetative nucleus. (D1 and D2). Control reaction by omitting the primary anti-Pol IIA antibody. (E1–E3)
Before generative cell division, the strong and uniformly distributed ﬂuorescence indicating Pol IIO is located in the vegetative nucleus. In
the generative nucleus, numerous clusters of less intense signal are present. (F1–F3) After second pollen mitosis, the signal is observed
in the vegetative and sperm nuclei, wherein numerous spots of ﬂuorescence are present. (G1–G3) Later steps of pollen tube growth were
accompanied by a lack of the signal in the sperm nuclei and its reduction in the vegetative nucleus. (H1 and H2) Control reaction
conducted by omitting incubation with the anti-Pol IIO antibody; values presented in the upper right corner of the ﬁgures indicate the
percentage of pollen tubes exhibiting the labelling pattern showed on the image. Z-series images corresponding to the whole volume of
growing pollen tubes from three independent experiments (n¼50) were captured and used for statistical analysis; VN, vegetative nucleus;
GN, generative nucleus; SN, sperm nucleus; bars¼10 lm.
Activity of hyacinth sperm nuclei | 1265Fig. 6. Immunolocalization of pre-mRNA splicing machinery elements (TMG snRNA and SC35 protein; green colour) in hyacinth pollen
tubes. (A1–A3) A dividing generative cell. The signal appears to be located between two groups of daughter chromosomes. (B1–B3)
After 12 h of pollen tube growth, the ﬂuorescence corresponding to TMG snRNAs is present in two sperm nuclei. The signal is visible as
numerous irregular ﬂuorescent spots spread throughout the sperm nucleoplasm. In the vegetative nucleus, strong and uniform
ﬂuorescence is observed. Magniﬁcation of the area marked with a dashed line on B1 is shown in Supplementary Fig. S6 at JXB online.
(C1–C3) A pollen tube growing for 36 h. A weak signal is observed only in the vegetative nucleus, whereas both sperm nuclei are almost
completely devoid of labelling. (D1 and D2) Control reaction by omitting the primary anti-TMG antibody. (E1–E3) A generative cell during
mitosis. The signal indicating the SC35 splicing factor is located in the area between the newly forming sperm nuclei. (F1–F3) After 12 h
of pollen tube growth, the signal is present in the vegetative nucleus as well as in both sperm nuclei. In the vegetative nucleus, intense
and uniformly distributed ﬂuorescence is observed. Sperm nuclei exhibit low intensity staining, localized mainly in the form of numerous
irregular ﬂuorescent clusters. Magniﬁcation of the area marked with the dashed line on F1 is shown in Supplementary Fig. S7. (G1–G3)
A pollen tube growing for 36 h. Lack of the signal corresponding to SC35 protein is observed in the sperm nuclei and in the vegetative
nucleus. (H1 and H2) Control reaction by omitting incubation with the primary anti-SC35 antibody. The values presented in the upper
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spatial distribution of the gene expression machinery has
been well documented in plant and animal cells (Carmo-
Fonseca et al., 1992; Misteli, 2000). Thus, we are convinced
that such a localization pattern of the examined nuclear
antigens reﬂects the differences in RNA synthesis intensity
between the sperm and vegetative nuclei.
More detailed analyses of the images obtained with the
confocal microscope showed that in most cases, the
ﬂuorescence corresponding to the examined antigens was
localized between the dense DNA clumps brightly stained
by DAPI. In most eukaryotic cells, mRNA synthesis and
processing were shown to occur in the inter- and/or
perichromatin areas of the nucleus (Lamond and Spector,
2003; Spector, 2003). Ultrastructural observations of the
actively transcribing generative cell nucleus of the
H. orientalis pollen grain showed that both forms of RNA
Pol II as well as TMG snRNAs were mainly localized in the
interchromatin areas, between the condensed chromatin
clumps (Zienkiewicz et al., 2008c). Thus, a similar localiza-
tion of RNA Pol II and splicing factors in the sperm nuclei,
which are actively synthesizing mRNAs, is suggested.
However, the correspondence of these nuclear areas with
interchromatin domains needs to be proved by further
ultrastructural studies.
One of the most remarkable features of the distribution of
splicing factors observed during H. orientalis microgameto-
genesis was their distribution during generative cell mitosis.
It was shown that TMG snRNAs and SC35 protein are
likely to be divided equally between the forming sperm cells.
Several lines of evidence suggest that the molecules involved
in pre-mRNA splicing are inherited by the daughter cells, at
least in somatic cells. In the case of HeLa cells, when mitosis
is completed, the splicing machinery elements are imported
into the nucleus just after reconstruction of the nuclear
envelope (Prasanth et al.,2 0 0 3 ). This fact suggests that
H. orientalis sperm cells might not synthesize their own pool
of splicing factors, and that processing of the pre-mRNAs
synthesized during the life cycle of sperm cells might be
catalysed by the splicing machinery derived from the
generative cell. To date, there is only one report documenting
the presence of SR splicing factor in the sperm cells of A.
thaliana mature pollen grains (Fang et al.,2 0 0 4 ). However,
these authors did not discuss its origin, distribution, or
possible role in the nuclei of the sperm cells.
The later steps of male gametogenesis in H. orientalis
were accompanied by silencing of the transcriptional
activity and elimination of the molecules involved in pre-
mRNA synthesis and processing from the sperm cells. If it
is assumed that the in vitro cultivation system mimics the
in vivo conditions, it could be possible that from 24 h to 36 h
of pollen tube growth in the pistil, just before fertilization,
the sperm nuclei of H. orientalis become transcriptionally
inactive. Therefore, it could be that in H. orientalis, some part
of the mRNA pool needed for proper functioning of sperm
cells during fertilization is synthesized during pollen tube
growth. Such sperm cell-speciﬁc transcripts were, for exam-
ple, found in A. thaliana. The mRNA encoding short
suspensor protein (SSP) was shown to be present in the
sperm cells; however, it did not undergo translation (Bayer
et al., 2009). The SSP protein is synthesized soon after
fertilization is completed and it acts as the key regulator of
Arabidopsis zygote and embryo development (Bayer et al.
2009). Several reports also indicate that some transcripts
found in the sperm cells might be delivered by the generative
cell during its division. In the generative and sperm cells of
L. longiﬂorum, Xu et al. (1999) showed the presence of
mRNA encoding LGC1 protein. This protein was exclusively
localized in the membrane of the sperm cells; thus, these
authors suggested its possible role in sperm–egg cell fusion
during fertilization (Xu et al., 1999). A similar function was
conﬁrmed for the GCS1 gene in A. thaliana (Mori et al.,
2006). In turn, the AtMGH3 gene encoding histone H3 was
shown to be transcribed in both generative and sperm cells.
This protein probably controls chromatin remodelling and
transcription during sperm cell development (Okada et al.,
2005).
Conclusion
This study has shown the following characters of the sperm
cells of H. orientalis: (i) they activate their transcriptional
activity during pollen tube growth; (ii) they synthesize
rRNA; (iii) they possess pre-mRNA transcription and
processing machineries; and (iv) they undergo gradual
inactivation of nuclear activity at the ﬁnal steps of pollen
tube growth. All these events are interpreted as a complete
course of the H. orientalis sperm cell maturation process.
The lack of RNA synthesis and removal of the mole-
cules involved in its processing during the later steps of
microgametogenesis suggest that mature sperm cells of
H. orientalis do not carry these nuclear components into
the target cells of the female gametophyte during fertiliza-
tion. This is in agreement with previous observations
showing that just after fertilization, activation of the zygote
genome occurs in H. orientalis L., including rapid RNA
synthesis and biogenesis of splicing machinery elements
(Pie ˛cin ´ski et al., 2008). To sum up, to our knowledge, this is
the ﬁrst characterization of the key nuclear steps of gene
expression in the sperm cells formed during bicellular pollen
grain germination. Further experiments are ongoing to
investigate the sperm cell physiology and interactions at the
molecular level, not only by using in vitro systems but also
during pollen tube growth in the pistil.
right corner of the ﬁgures indicate the percentage of pollen tubes exhibiting the labelling pattern shown in the image. Z-series images
corresponding to the whole volume of growing pollen tubes from three independent experiments (n¼50) were captured and used for
statistical analysis; VN, vegetative nucleus; GN, generative nucleus; SN, sperm nucleus; bars¼10 lm.
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Supplementary data are available at JXB online.
Figure S1. Effect of cycloheximide on hyacinth pollen
tube morphology and behaviour of the nuclei. (a, b, and c,
transmitted light images; a#,b #,a n dc #, ﬂuorescence images
of pollen tubes shown ina, b, and c stained with propidium
iodide.) In comparison with the control pollen tubes (a, a#),
the treatment with cycloheximide after 3 h (b, b#) and 9 h
(c, c#) of pollen tube growth caused numerous structural
and physiological abnormalities. Strong inhibition of
growth and shape deformations are observed. Disturbances
in movement of the nuclei and arrest of second pollen
mitosis occurred in all the pollen tubes growing on
cycloheximide-containing medium. VN, vegetative nucleus;
GN, generative nucleus; in a, a# bars¼50 lm and in b, b#
and c, c# bars¼10 lm.
Figure S2. TMG snRNA localization in hyacinth pollen
tube before generative cell division (8 h of growth). The
intense and homogeneous signal is present in the vegetative
nucleus. In the generative nucleus, numerous ﬂuorescent
spots are present. VN, vegetative nucleus; GN, generative
nucleus; bars¼10 lm.
Figure S3. Immunolocalization of SC35 splicing factor in
hyacinth pollen tube before the second pollen mitosis (8 h of
growth). The ﬂuorescence is present in the vegetative and
generative nuclei. A strong and uniformly distributed signal is
observed in the vegetative nucleoplasm, whereas in the
generative nucleus numerous ﬂuorescent spots are present.
VN, vegetative nucleus; GN, generative nucleus; bars¼10 lm.
Figure S4. Detection of U2 snRNA in hyacinth pollen
tube by FISH. In both the sperm nuclei and the vegetative
nucleus, an intense signal is present. In the pollen tube
cytoplasm, labelling is observed. VN, vegetative nucleus;
SN, sperm nucleus; bars¼10 lm.
Figure S5. Magniﬁcation of the area marked with the
dashed line in Fig. 5B1. VN, vegetative nucleus; SN, sperm
nucleus; bars¼10 lm.
Figure S6. Magniﬁcation of the area marked with the
dashed line in Fig. 6B1. VN, vegetative nucleus; SN, sperm
nucleus; bars¼10 lm.
Figure S7. Magniﬁcation of the area marked with the
dashed line in Fig. 6F1. VN, vegetative nucleus; SN, sperm
nucleus; bars¼10 lm.
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